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First-principles calculations based on density-functional theory were performed to investigate
heterostructures of group-III monochalcogenides (GaS, GaSe, InS and InSe) and the effects of the
incommensurability on their electronic structures. We considered two heterostructures, GaS/GaSe,
which has a lattice mismatch of 4.7%, and GaSe/InS, with a smaller mismatch of 2.1%, and we com-
puted the cost of having commensurate structures; we also examined the potential energy landscape
of both heterostructures, in order to simulate the realistic situation of incommensurate systems. We
found that a commensurate heterostructure may be realized in GaSe/InS as the interaction energy
of this system with the monolayers assuming the average lattice constant is smaller than the inter-
action energy of an incommensurate system in which each layer keeps its own lattice constant. For
GaS/GaSe, on the other hand, we found that the incommensurate heterostructure is energetically
more favorable than the commensurate one, even when taking into account the energetic cost due
to the lack of proper registry between the layers. Since the commensurate condition requires that
one (or both) layer(s) is (are) strained, we systematically investigated the effect of strain on the
band gaps and band edge positions of the monolayer systems. We found that, in all monolayers,
the conduction band minimum is more than 2 times more sensitive to applied strain than the va-
lence band maximum; this was observed to strongly affect the band alignment of GaS/GaSe, as it
can change from type-I to type-II with a small variation in the lattice constant of GaS. GaSe/InS
heterostructure was found to have a type-II alignment, which is robust with respect to strain in the
range of −2 to +2%.
I. INTRODUCTION
Successful exfoliation of two-dimensional (2D) materi-
als has boosted the interest in such systems for the devel-
opment of the next generation of nanodevices. In partic-
ular, metal monochalcogenides (MMCs) derived from the
group-III elements (e.g. GaS, GaSe, InS, and InSe) have
been attracting increasing attention due to their excel-
lent optical and electronic properties and their potential
for numerous applications. For example, few layers of
GaSe and InSe have been used to build high performance
photodetectors (with fast response, high responsivity and
high external quantum efficiency) [1, 2] and highly sen-
sitive phototransistors (with high photoresponsivity and
detectivity) [3, 4].
In these MMCs the trivalent metals (Ga and In) form
a covalently bonded honeycomb lattice with the hexava-
lent chalcogen atoms (S and Se). This unusual match
of valency that, at first sight, violates the octet rule, is
made possible by the presence of Ga–Ga or In–In bonds
formed between two hexagonal networks (see Fig. S1
in the Supplemental Material). By occupying the bond-
ing orbital of the metal dimer, an extra electron pair (in
excess of the octet rule) can be accommodated. The re-
sulting two-dimensional (2D) systems, comprised of two
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chalcogen and two metal layers, are wide-gap semicon-
ductors [5, 6]. Apart from the orbitals contributing to
bonding, each chalcogen atom carries a lone pair in a sp-
orbital pointing perpendicular to the 2D basal plane [7].
In nature, the MMCs form layered 3D solids formed by
stacking of 2D units [8]. Since the lone pairs at chalco-
gen atoms in adjacent layers of the stack repel each other,
such a 3D solid must be held together by dispersion forces
(van der Waals interactions between the closed-shell sys-
tems formed by each 2D subunit).
The relative position and the magnitude of the band
dispersion differ in 3D and 2D structures, and depend on
the number of layers in 2D stacks [8, 10, 11]. For InSe, in
particular, while the 2D single layer has an almost direct
band gap between the VBM on a ring circling Γ and the
conduction band minimum (CBM) at Γ, the 3D material
in the so-called ε stacking has a direct band gap with
both VBM and CBM directly at Γ [8]. Also, in GaS and
GaSe, the top of the valence band around the Γ point is
much less dispersive in bulk than in the monolayer coun-
terparts [8]. This variability of the band structure points
to the fact that the interaction in stacks of 2D subunits is
not solely van der Waals like, but extended wavefunctions
(over several layers in the stack) exist that lead to shifts
of the band edges depending on the stack thickness [12].
In addition, the lateral lattice constant in stacked MMCs
may also vary with the number of layers [10], and the
sensitivity of the band edges, in particular of the CBM,
to change in the lattice constant may contribute to the
altered alignment of different bands in the 2D and 3D
case. This situation becomes even more complicated in
2heterostructures, since both the strain and the different
chemical identity of the two parent materials will offset
the band structure.
For these reasons, multilayers and heterostructures of
MMCs are interesting objects of study. In this paper,
we address how the valence and conduction bands of
group-III monochalcogenides (GaS, GaSe, InS and InSe)
are affected by stacking in homobilayers and heterostruc-
tures; we consider two heterostructures, GaS/GaSe and
GaSe/InS, which have lattice mismatches of ∼4.7 and
2.1%, respectively. Experimentally, it must be consid-
ered an open question how this mismatch is accomodated
in the heterostructure. For example, an experimental
work by Woods et al. [13] reported that heterostructure of
graphene on top of hexagonal boron nitride undergoes a
commensurate-incommensurate transition depending on
the rotation angle between the lattices of the two crys-
tals; this experimental observation indicates that is not
always realistic to assume a common lattice constant for
the layers in a heterostructure. Because of the periodic
boundary conditions enforced in most density-functional-
theory codes, first-principles simulations of heterostruc-
tures composed of 2D materials with different lattice con-
stants usually employ the following procedures: either (i)
a large supercell is used to reduce spurious strain in the
individual monolayers, or (ii) one (or both) monolayer(s)
is (are) strained to a common lattice constant in a small
supercell. Procedure (i) is in many cases computation-
ally too expensive due to the large number of atoms in
the simulation. Procedure (ii), on the other hand, may
not be realistic since the weak van der Waals interaction
between the constituent layers may not be sufficient to
strain them during the formation of the heterostructure.
Here we adopt an alternative approach by consider-
ing a small (1×1) cell and examining the role of com-
mensurability and incommensurability in the electronic
structures of the heterostructures. In the present context
of a lattice mismatch of a few percent, we use the term
“commensurate” to refer to heterostructures in which the
constituent monolayers have a common lattice constant
(which means that one or both monolayers are strained)
and “incommensurate” for heterostructures in which the
monolayers keep their own lattice constant and are not
strained. In the commensurate case, the effect of strain,
which is required to bring the layers to a common lattice
constant, is examined; in the incommensurate case, we
explore the potential energy landscape of a series of con-
figurations with different stacking, in order to take into
account the lack of proper registry between the layers.
We additionally compute the costs of having commensu-
rate and incommensurate structures for both GaS/GaSe
and GaSe/InS heterostructures, in order to predict the
most favorable configuration in each case; our results in-
dicate that a commensurate heterostructure may be re-
alized in GaSe/InS while an incommensurate structure is
expected for GaS/GaSe. Finally, we estimate the band
alignment of the GaS/GaSe and GaSe/InS heterostruc-
tures considering both commensurate and incommensu-
rate configurations for each heterostructure.
II. COMPUTATIONAL DETAILS
First-principles calculations within the framework of
the density-functional theory (DFT) [14] were performed
using the Quantum ESPRESSO code [15]. We em-
ployed the generalized gradient approximation (GGA)
proposed by Perdew, Burke, and Ernzerhof (PBE) [16]
for the exchange-correlation functional, the Tkatchenko-
Scheﬄer approach [17] to treat the van der Waals in-
teractions, and norm-conserving Troullier-Martins pseu-
dopotentials [18] to describe the electron-ion interactions
(the Ga 3d and In 4d states were treated as part of the
valence shell). The electronic wave functions were ex-
panded in a plane wave basis set with an energy cut-
off of 80 Ry. The Brillouin zone was sampled according
to the Monkhorst-Pack method [19] using a 20 × 20 × 1
mesh for the geometry optimization and a denser mesh,
27 × 27 × 1, for the calculations of the electronic struc-
ture. Monolayers, bilayers, and heterostructures of GaS,
GaSe, InS and InSe were simulated using the supercell
approach with a (1 × 1) planar unit cell (see Fig. S1
in the Supplemental Material) and a vacuum region of
∼11 A˚ along the direction perpendicular to the plane of
the layer; a dipole correction as proposed by L. Bengts-
son [20] was employed in the heterostructure systems.
For geometry optimizations, all the internal coordinates
were allowed to relax until the Hellmann-Feynman forces
were smaller than 10−3 Ry/bohr. The structural param-
eters for the monolayer systems computed in this work
are in close agreement with first-principles results (com-
puted using different van der Waals methods) previously
reported in the literature and with all-electron calcula-
tions performed in this work (see Table S1 in the Supple-
mental Material).
III. RESULTS AND DISCUSSION
A. Monolayer GaS, GaSe, InS and InSe
We initially investigated the dependence of the band
structure of monolayer GaS, GaSe, InS and InSe on ap-
plied strain. We considered biaxial strain in the range of
−15 to 15%, which was simulated by altering the lattice
constant a, with strength defined as ε = a−a0a0 × 100%,
where a0 is the equilibrium lattice constant.
The band structure of the MMCs displays two classes
of valence bands: highly dispersive bands due to σ-
bonding of metal and chalcogen atoms within the basal
plane, and less dispersive bands due to the pi-interaction
of the lone pairs at the chalcogens. In a single-layer 2D
structure, the valence band maximum (VBM) originates
from these pi bands. The loci of the maxima are slightly
displaced from the Γ point (as shown in Fig. 1, ε=0%)
and located on a ring (with Γ at its center) in the 2D
3Brillouin zone [9]. The conduction band has a complex
structure as well. A highly dispersive band leads to a
minimum at the Γ point [8]; in addition, there are bands
dispersing downward and giving rise to a local minimum
at the M point.
The unstrained systems were found to exhibit quasi-
direct band gaps, with the CBM located at the Γ point
and the VBM in a ring circling Γ (see Fig. 1, ε=0%).
We found that the difference between direct and indirect
band gaps is smaller than 0.1 eV for all monolayers; the
calculated indirect/direct band gaps for monolayer GaS,
GaSe, InS and InSe are 2.24/2.33, 1.81/1.90, 1.72/1.80
and 1.55/1.62 eV, respectively, which are in good agree-
ment with values obtained in previous DFT-PBE calcula-
tions [6, 8, 21, 22]. We notice that there is a large scatter-
ing in the values for the band gaps reported in the liter-
ature (for example, the band gap of monolayer GaSe ob-
tained using PBE exchange-correlation functional varies
from 1.77 [21] to 2.21 eV [23]) and we believe this is
due to the different lattice constants obtained with differ-
ent pseudopotentials (the lattice constants of monolayer
GaSe in the aforementioned studies were 3.82 and 3.75 A˚,
respectively); in fact, as we will discuss in the next para-
graphs, the band gaps of monolayer GaS, GaSe, InS and
InSe are very sensitive to strain and a small decrease of
2% in the lattice constant can lead to an increase of up
to 23% in the band gap.
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FIG. 1. Computed band structures of monolayer (a) GaS,
(b) GaSe, (c) InS, and (d) InSe, for different values of strain ε.
Red and blue lines indicate the lowest conduction band and
the highest valence band, respectively. The zero energy is set
at the VBM.
We found that tensile strain leads to a reduction in
the band gap of all monolayers—consistent with results
reported in Refs. [6, 10, 23–26], which were obtained us-
ing either PBE or HSE06 exchange-correlation function-
als with the vdw-optB88 or the DFT-D2 van der Waals
methods—with a semiconductor-to-metal transition oc-
curing at strain between 10 and 15% (see Fig. 2). In-
terestingly, we observe that the dependence of the band
gap on tensile strain seems to be stronger in the selenides
than in the sulfides: while at 5% strain, the band gaps
of GaS and InS are reduced by about 47% with respect
to the unstrained systems, the reductions for GaSe and
InSe are ∼53 and 50%, respectively. As a consequence,
the semiconductor-to-metal transition in selenides, which
have narrower band gaps at zero strain, is expected to
occur at lower strain values (12% strain, according to
our DFT-PBE calculations) than in sulfides (which have
wider band gaps at zero strain), for which 15% strain
is required. Similar findings have been reported earlier
from DFT-PBE calculations for GaS and GaSe [23] and
for InSe [24]. We would like to point out that the critical
strain values for the semiconductor-to-metal transition
depend on the band gap of the unstrained system, and
are expected to be higher in GW and HSE calculations,
since PBE underestimates the band gap in comparison
with GW and HSE band gaps; however, our conclusion
concerning the order of the transition (selenides first than
sulfides) is expected to remain valid in the HSE and the
GW method, since all methods agree on the relative or-
der of the band gaps in selenides and sulfides [6]. The
stronger strain dependence of the band gaps for the sul-
fides can be attributed to the stronger ionicity in the
Ga–S and In–S bonds when compared to the Ga–Se and
In–Se bonds [6].
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FIG. 2. Computed direct and indirect band gaps, Eg, as func-
tion of strain, ε, for monolayer (a) GaS, (b) GaSe, (c) InS, and
(d) InSe. Filled magenta and open black circles correspond to
direct and indirect band gaps, respectively. The dashed lines
indicate the smallest band gap at equilibrium lattice constant.
For compressive strain we found that the band gaps
4increase for small strain values (up to 4% for GaS and
GaSe, 5% for InS and 3% for InSe) and decrease for larger
strain (see Fig. 2); our results for InS and InSe are con-
sistent with DFT results reported in Refs. [24] (obtained
using the PBE functional) and [25] (obtained using the
HSE06 functional and the DFT-D2 vdW method). For
small strain values we observe again a stronger strain de-
pendence in the selenide monolayers: for −2%, the band
gaps of GaSe and InSe increase by about 25 and 22%, re-
spectively, while the band gaps of GaS and InS increase
only by ∼20 and 19%, respectively.
Examining the dependence of the band edges on biax-
ial strain, as shown in Fig. 1, we found that the CBM
at the Γ point is particularly highly sensitive to strain:
under tensile strain, it moves downward, and eventually
(at a critical tensile strain that our DFT-PBE calcu-
lations predicted to be +12% for GaSe and InSe and
+15% for GaS and InS) overlaps with the valence band
of pi-type that moves upward under the tensile strain,
leading to a semiconductor-to-metal transition (as dis-
cussed above). Most characteristic of (small) compressive
strains is a shift of the relative energetic position of the
valence bands: the highly dispersive σ band increases its
dispersion under compression, its maximum at Γ moves
to higher energies, and at some (negative) strain value it
‘overtakes’ the pi band (Fig. 1, second panels from left).
Then, the new VBM is formed by the maximum of the
σ band. Such a behavior can be understood by consid-
ering the increased overlap of orbitals under compressive
strain, which primarily affects the σ bonds. This behav-
ior results in the VBM (due to the σ band) being even-
tually located at the Γ point, leading to an indirect-to-
direct transition in InS (at −5% strain) and InSe (at −3%
strain) or to a situation of quasi-direct band gap in GaSe
at −3% strain, when the indirect band gap exceeds the
direct one by no more than 20 meV (see Fig. 2). At higher
compressive strain larger than 5%, further change in the
conduction band is observed: the CBM moves away from
the Γ point (as shown in Fig. 1 for ε=−15%) making it
hard to realize a direct Γ–Γ transition even if compres-
sively strained layers have their VBM at the Γ point; as a
consequence, we observe an increase in the difference be-
tween direct and indirect band gaps under compressive
strain, in particular for GaS and GaSe (Figs. 2(a) and
(b)).
For small strain values in the range of −2 to +2%, its
effect on the CBM and VBM can be described by the hy-
drostatic deformation potential Ξ. The band extremum
of a band with energy Ei is then given by Ei + Ξ Tr(ε),
where ε is the strain tensor. In order to determine Ξ, we
calculate the band positions in a strained sample relative
to the vacuum level in the same calculation. The results
are shown in Table I. We notice that the deformation po-
tential of the CBM is more than 2 times larger than that
of the VBM, indicating that the CBM is more sensitive to
strain (as we have discussed in the previous paragraphs),
especially for the Ga-based systems. From the absolute
deformation potentials of the VBM, Ξv, and of the CBM,
Ξc, we can directly obtain the band-gap deformation po-
tential as follows: Ξgap = Ξc − Ξv. We observe that
the strain dependence of the band gap is quite similar in
sulfides and selenides, being only slightly stronger in the
former (by ∼0.21 eV per strain unit in Ga-based systems
and 0.08 eV per strain unit in In-based systems). The-
fore, we conclude that monolayer GaS and InS reach zero
band gap for larger strain values than their selenide coun-
terparts because of their wider band gaps at 0% strain.
TABLE I. Calculated deformation potentials Ξ (in eV) of
monolayer GaS, GaSe, InS and InSe. Ξv, Ξc and Ξgap are the
deformation potentials for the VBM, CBM and band gap, re-
spectively. We used absolute values for the strain tensor; for
example, for 2% strain we used εxx = εyy = 0.02.
GaS GaSe InS InSe
Ξc (eV) −8.51 −8.93 −5.90 −5.88
Ξv (eV) 2.22 1.59 2.40 2.34
Ξgap (eV) −10.73 −10.52 −8.30 −8.22
B. Homobilayers
We next briefly examined the change in the band struc-
ture due to the formation of homobilayer systems. For
simplicity, we considered only the so-called AA stacking,
which has a mirror plane between the two layers (i.e. the
atoms in second layer have the same planar coordinates
as those in the first layer). Different stackings can be also
realized deriving from the ε and β polytypes (the later
possesses an inversion center) [8].
From the bandstructure of the homobilayers (see
Fig. 3) it is obvious that the bands occur in pairs. Of
these pairs of bands, one band has a wavefunction with
positive parity under mirror symmetry, while the sec-
ond band has negative parity under the corresponding
symmetry operation. The energy splitting within these
pairs of bands, corresponding to bonding and antibond-
ing linear combinations of the orbitals in each mono-
layer, result in a narrowing of the band gap. Our com-
puted indirect/direct band gaps for bilayer GaS, GaSe,
InS, and InSe are 1.91/1.98, 1.46/1.53, 1.42/1.47, and
1.21/1.25 eV, respectively, which are 0.3–0.4 eV smaller
than the values obtained for the monolayer systems;
these differences come from a downward shift of the
CBM, upon bilayer formation, by values between 0.11
and 0.16 eV and an upward shift of the VBM by val-
ues between 0.15 and 0.24 eV. For practical applications,
our results suggest, for example, that bilayer GaS and
GaSe are more promising for water splitting than the
monolayer systems, as the narrowing of the band gaps
would lead to a larger absorption of the solar spectrum;
as has been pointed out by Zhuang and Hennig in Ref. [6],
single-layer GaS and GaSe have too large band gaps. On
the other hand, for InS and InSe the formation of bi-
5layers is detrimental for water splitting as the CBM of
the monolayers are already too close to the H+/H2 re-
dox potential [6] and the downward shift caused by the
bilayer formation may bring the CBM below the H+/H2
potential. The narrowing of the gaps observed in the ho-
mobilayers is consistent with the smaller band gaps of the
bulk systems in comparison with the monolayers [8, 27].
For InSe, in particular, we observe that the formation of
bilayers reduces the difference between direct and indi-
rect band gaps from 0.07 eV in the monolayer system to
0.04 eV in bilayer, which is consistent with the indirect-
to-direct band gap crossover, as the number of layers is
increased, obtained in previous DFT-PBE calculations
reported in Refs. [11, 27].
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FIG. 3. Band structures of bilayer (a) GaS, (b) GaSe, (c) InS,
and (d) InSe. Indirect and direct (in parentheses) band gaps
are listed for each system. The zero energy is set at the VBM
in all cases.
Regarding the structural properties, we did not find
any significant change in the structural parameters (lat-
tice constant, bond length, layer thickness) upon the for-
mation of bilayers, as can be seen in Table S2 in the Sup-
plemental Material; similar finding was reported in a pre-
vious DFT-PBE study for bilayer and trilayer GaS and
GaSe [28]. The optimized interlayer distances (distance
between the top chalcogen atom of the bottom layer and
the bottom chalcogen atom of the top layer) for bilayer
GaS, GaSe, InS and InSe are 3.74, 3.96, 3.79 and 3.93 A˚,
respectively; the values for GaSe and InSe are ∼0.6 and
0.8 A˚ larger than previous theoretical (DFT-PBE) inter-
layer distances computed for ε-type 3D systems [29].
The interaction Eb for the bilayer systems (and for the
heterostructures in Sec. III C) can be computed as
Eb = EM1C1/M2C2 − EM1C1 − EM2C2 (1)
where EM1C1/M2C2 is the total energy of the bilayer (or
the heterostructure), EM1C1 and EM2C2 are the total en-
ergies of the individual layers, M=In,Ga and C=S,Se,
and 1≡2 in the homobilayer systems. We obtained Eb
of −90.6, −93.4, −93.1 and −98.6 meV per (1 × 1) cell
(or −7.9, −7.4, −7.1 and −6.9 meV/A˚2) for bilayer GaS,
GaSe, InS and InSe, respectively. These values are in
the range of those computed (using PBE functional and
DFT-D2 vdW method) in Ref. [30] for bilayer MoS2,
MoSe2, WS2 and WSe2 (44.8–125.9 meV per formula
unit). The effect of the van der Waals (vdW) interac-
tion in the bilayer systems can be estimated by com-
puting the interaction energies without the vdW correc-
tion; we found Eb (PBE only) of −0.6, −3.9, −5.4 and
−6.9 meV per (1 × 1) unit cell for bilayer GaS, GaSe,
InS and InSe, respectively, which is more than one order
of magnitude smaller than the interaction energies ob-
tained with vdW correction. The interlayer distances of
bilayer GaS, GaSe, InS and InSe computed without vdW
correction were found to be, respectively, 0.42, 0.35, 0.76
and 0.67 A˚ larger than those obtained with the vdW-TS
method.
C. Van der Waals heterostructures
1. Commensurate versus incommensurate heterostructures
The van der Waals interaction between the layers in a
heterostructure is strongly distance-dependent. The op-
timum bonding distance between two layers results from
the balance between repulsive forces (between the ‘elec-
tron clouds’) and attractive van der Waals forces. From
this argument, it becomes clear that there is a preferred
registry between two layers held together by van der
Waals forces. However, perfect registry between differ-
ent materials requires that they take on a common lattice
constant. This is possible only if one (or both) layer(s) is
(are) strained. Straining the layers comes with an ener-
getic cost that makes the formation of a commensurate
structure less favorable the larger the mismatch between
their lattice constants. Thus, one may expect that both
commensurate and incommensurate heterostructures can
exist, depending on the lattice mismatch, the elastic
moduli of the layers as well as on the corrugation depth
of the interaction potential between the layers.
Given the sensitivity of the band gap and the band
edges in MMCs to strain (as can be seen in Fig. 2 and
from the large deformation potentials in Table I), the
strain state of a layer in a heterostructure is expected to
have a significant impact on the band gap that can be re-
alized by experimentally preparing a certain type of het-
erostructure. In the following, we address this issues by
studying two prototypical examples: (i) the GaS/GaSe
heterostructure, which has a considerable lattice mis-
match of 4.7%, and (ii) the GaSe/InS heterostructure,
whose layers deviate in their lattice constants only by
2.1% making it a potential candidate for commensurate
heterostructure formation.
In the commensurate heterostructure, both layers are
assumed to have the same lattice constant, which was
chosen taking into consideration the elastic properties of
the layers. We computed the the elastic modulus C of
6each monolayer using C =
(
1
A0
)(
∂2E
∂ε2
)
, as suggested in
Refs. [6, 25], where A0 is the equilibrium area of the
simulation cell and E is the energy at strain ε. We
found C = 109, 94, 86, and 74 N/m for GaS, GaSe,
InS, and InSe, respectively, which are in the range of
the values reported in previous theoretical work, namely
98 (120), 79 (104), 73 (89), and 60 (76) N/m for GaS,
GaSe, InS, and InSe, respectively [6], obtained using PBE
(HSE06) functional, and 86.75 and 70.63 N/m for InS and
InSe [25] obtained using HSE06 functional. Using our
computed values for the elastic modulus we can estimate
the optimal common lattice constant a¯ that would min-
imize the strain energy in the heterostructure; we found
a¯ = 3.721 A˚ for GaS/GaSe and 3.858 A˚ for GaSe/InS.
Note that the values for a¯ are very close to the average
lattice constant of the heterostructures, namely 3.73 A˚
in GaS/GaSe and 3.86 A˚ in GaSe/InS. From Eq. 1 we
can calculate the interaction energy of the commensu-
rate heterostructures; the terms EM1C1 and EM2C2 are
evaluated at their respective monolayer lattice constant,
i.e., in the strain-free state. Due to the attractive van der
Waals interaction, we find that the overall interaction is
still attractive, despite the energy cost of straining the
layers, by −49 meV for GaS/GaSe and −149 meV for
GaSe/InS, per (1× 1) unit cell, respectively.
In the calculation of Eb for the incommensurate het-
erostructures, we tentatively consider the larger of the
two monolayer lattice constants, i.e. aGaSe for the
GaS/GaSe and aInS for the GaSe/InS heterostructure,
as the common one. The reference energy of the ma-
terial with the smaller lattice constant entering Eq. 1 is
taken in the strained state. Defined in this way, Eb solely
contains the contribution of the attractive van der Waals
interaction, which amounts to −155 meV for GaS/GaSe
and −164 meV for InS/GaSe, per (1× 1) unit cell. This
procedure is justified if we consider that in the real, in-
commensurate structure, each layer of the heterostruc-
ture takes on its own lattice constant, and hence strain
contributions are absent (apart from small local varia-
tions in the lattice constant that could lead to small local
strain contributions).
To model the realistic situation of incommensurate
heterostructures, we need to take into account that the
match between the two atomic layers is by no means
perfect, and therefore the interaction estimated by Eb is
an upper bound. In order to get a more realistic esti-
mate, a correction ∆Einc is applied that is obtained as
follows: we perform a series of DFT+vdW calculations to
explore the corrugated potential energy landscape of van
der Waals bonding. In practice, we generated a series of
configurations considering different stacking for the metal
(M) and chalcogen (C) atoms of each layer. Figure 4
displays the six configurations we considered for both
GaS/GaSe and GaSe/InS heterostructures: for exam-
ple, Fig. 4(a) shows the configuration MT/CB+CT/MB,
where the metal atom of the top layer (MT) is located on
top of the chalcogen atom of the bottom layer (CB) and
the chalcogen atom of the top layer (CT) sits on top of
the metal atom of the bottom layer (MB); and Fig. 4(b)
shows the configuration MT/CB+CT/hollow, where the
metal atom of the top layer (MT) is located on top of the
chalcogen atom of the bottom layer (CB) and the chalco-
gen atom of the top layer (CT) sits on the hollow site of
the bottom layer.
The results for relative energies, interlayer distances
(vertical distance between the bottom chalcogen atom of
the top layer and the top chalcogen atom of the bottom
layer), and band gaps of the six configurations investi-
gated here are displayed in Table II. We notice that in
both heterostructures, stacking of S on Se atoms (con-
figurations d and e) is energetically unfavorable (simi-
lar finding has been also reported for the MoS2/MoSe2
heterostructure [31]). This can be rationalized if we
keep in mind the repulsion between the electrons form-
ing the lone pairs at each chalcogen which point towards
each other in this configuration. For the GaS/GaSe het-
erostructure, the energetically most favorable configura-
tion occurs when both the S atoms and the Se atoms
point towards the Ga atoms in the other respective layer
(config. a); this configuration is also realized in the ho-
mogeneous stacking in 3D GaS in the β-phase [8]. For the
GaSe/InS heterostructure, the energetic minimum is at
configuration f, where only the In atoms of the InS layer
sit above the Se atoms, while the Ga atoms are located
in hollow positions with respect to the InS lattice. The
two lattices are rotated with respect to each other, char-
acteristic of an AB stacking. The interlayer distances in
both heterostructures depend on the stacking, with the
largest distances occurring in the most unfavorable con-
figurations.
Interestingly, the size of the band gap also changes in
dependence on the registry between the layers, as can be
seen from the rightmost column of Table II; our results
show that different stackings can cause variations of up to
10% in the band gaps. It is also interesting that the band
gaps of the heterostructures are significantly smaller than
the band gaps of the individual monolayers (we will dis-
cuss about it in more detail in the next paragraphs). Our
results for the band gaps are in good agreement with
those obtained in previous DFT-PBE studies [22, 32].
In an incommensurate heterostructure, one would ex-
pect that each of the configurations is realized somewhere
since the relative positions of the two layers change from
site to site. Forming the average of the interaction ener-
gies can be used to estimate the energetic cost of a struc-
ture that misses the proper registry between the layers.
In GaS/GaSe, this average interaction energy Eb+∆Einc
amounts to −125 meV per (1× 1) cell or −9.9 meV/A˚2,
while in GaSe/InS it is −136 meV per (1 × 1) cell or
−10.3 meV/A˚2. These values contain the average cost,
due to the variation in atomic registry between the lay-
ers, of ∆Einc = 30 meV per (1×1) cell for the GaS/GaSe
heterostructure, and ∆Einc = 28 meV per (1× 1) cell for
the GaSe/InS heterostructure. The smaller cost for the
GaSe/InS heterostructure is consistent with its smaller
lattice mismatch. Comparing the interaction energies of
7FIG. 4. Schematic top and side views of the different configurations considered here for the GaSe/InS heterostructure. MT
(CT) and MB (CB) refer to metal (chalcogen) atoms of top and bottom layers, respectively. Red, magenta, yellow and blue balls
correspond to In, Ga, Se and S atoms, respectively. The same configurations were considered for the GaS/GaSe heterostructure.
TABLE II. Relative formation energies ∆E, interlayer dis-
tances hCC (vertical distance between the bottom chalco-
gen atom of the top layer and the top chalcogen atom of
the bottom layer), and indirect/direct band gaps EIg/E
D
g of
the different configurations considered for the GaS/GaSe and
GaSe/InS heterostructures (see Fig. 4); for the in-plane di-
mensions of the simulated supercells we considered the larger
of the two monolayer lattice constants (aGaSe for GaS/GaSe
and aInS for GaSe/InS). The most stable configuration in each
case was set to zero energy. The average of the relative for-
mation energies, ∆Einc, is given for each heterostructure.
configuration ∆E hCC E
I
g/E
D
g
(meV) (A˚) (eV)
GaS/GaSe
a (GaT/SeB+ST/GaB) 0.0 3.27 0.89/0.96
b (GaT/SeB+ST/hollow) 23.8 3.76 0.95/1.02
c (GaT/GaB+ST/hollow) 24.6 3.67 0.94/1.00
d (GaT/GaB+ST/SeB) 58.0 3.92 0.91/0.99
e (ST/SeB+GaT/hollow) 73.8 3.74 0.86/0.95
f (ST/GaB+GaT/hollow) 1.8 3.26 0.88/0.94
average (∆Einc) 30.3
GaSe/InS
a (GaT/SB+SeT/InB) 7.1 3.23 0.98/1.06
b (GaT/SB+SeT/hollow) 11.2 3.23 0.96/1.05
c (GaT/InB+SeT/hollow) 12.9 3.23 0.96/1.04
d (GaT/InB+SeT/SB) 72.0 3.92 1.02/1.12
e (SeT/SB+GaT/hollow) 63.8 3.91 1.02/1.12
f (SeT/InB+GaT/hollow) 0.0 3.23 0.97/1.06
average (∆Einc) 27.8
the incommensurate and the commensurate (in which the
layers assume the average lattice constant of the system)
structures for GaSe/InS (∼ −136 and −149 meV, respec-
tively), we find that the latter has smaller energy, indi-
cating that a commensurate heterostructure is expected
for this system. For GaS/GaSe, on the other hand, the
interaction in the incommensurate case (∼ −125 meV)
is much stronger than that in the commensurate case
(−49 meV), suggesting that GaS/GaSe will form a in-
commensurate heterostructure, with each layer keeping
its own lattice constant.
2. Band alignment
By inspecting the projected density of states (PDOS)
of the heterostructures, shown in Fig. 5, we observe
that in both systems the highest valence bands mainly
originate from the p-orbitals of the Se atoms; in the
GaS/GaSe heterostructure (Fig. 5(a)) we observe a
smaller contribution from the S p orbitals to the VBM,
while in the GaSe/InS heterostructure (Fig. 5(b)) the
contribution from the S orbitals starts only around 1 eV
below the VBM. The composition of the bottom of the
conduction band differs in the two heterostructures con-
sidered here: in the GaS/GaSe heterostructure, it is
formed by a mixture of Ga s, Ga p and S p orbitals,
while in the InS/GaSe heterostructure, it is composed of
In s, In p and S p orbitals.
The analysis of the PDOS of the GaSe/InS heterostruc-
ture (Fig. 5(b)) suggests that the VBM and the CBM
are located in different layers. In fact, by examining the
band alignment (Fig. 6(b)) we found that the VBM is lo-
cated in the GaSe layer, both in the case where the layer
conserves its own lattice constant (3.82 A˚, left panel of
Fig. 6(b)) and when it is stretched to the largest lattice
constant in the heterostructure (3.90 A˚, right panel of
Fig. 6(b)), while the CBM is located in the InS layer.
This indicates that the GaSe/InS heterostructure ex-
hibits a type-II alignment, which is promising for photo-
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FIG. 5. Projected density of states (PDOS) of the
(a) GaS/GaSe and (b) GaSe/InS heterostructures. Here the
heterostructures were simulated assuming the largest lattice
constant between the constituent layers: aGaSe for GaS/GaSe
and aInS for GaSe/InS. The total DOS is shown in the left
panel of each figure. The zero energy is set at the VBM.
voltaic applications; similar finding has been reported in
Refs. [6] (DFT-HSE06) and [22] (DFT-PBE). The type-
II band alignment in the GaSe/InS heterostructure is ro-
bust with respect to small strain values in the range of
−2 to 2%, since the VBM and CBM offsets (0.56 and
0.65 eV, respectively) between the InS and GaSe mono-
layers are larger than the variation in the band edges
caused by strain (< 0.36 eV for the CBM and < 0.10 eV
for the VBM, computed using the deformation potentials
listed in Table I).
For the GaS/GaSe heterostructure (Fig. 6(a)) we ob-
serve a type-I band alignment—with both VBM and
CBM located in the GaSe layer—if both layers conserve
their own lattice constants (left panel). However, we no-
tice that the CBM offset between the GaS and GaSe
layers is very small (only 0.06 eV), which suggests that
the band alignment may be changed to type-II with a
small variation (by only 0.36%, computed using the de-
fomation potentials in Table I) in the lattice constant
of GaS; in fact, we observe a type-II alignment if both
GaS and GaSe layers have the larger lattice constant
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FIG. 6. Band alignment (with respect to a common vacuum
level) of (a) monolayers GaS and GaSe and (b) monolayers
GaSe and InS, considering three cases: (i) the monolayers
keep their own lattice constant (left panel), (ii) both mono-
layers assume an average lattice constant (middle panel), and
(iii) the monolayer with smaller lattice constant is stretched to
the larger lattice constant in the heterostructure (right panel).
For cases (ii) and (iii) we also show the band edge positions
of the heterostructures. The lattice constants of the monolay-
ers (in A˚) are indicated in parentheses at the bottom of the
figures. All VBM and CBM values are in eV.
of the system (3.82 A˚, right panel). The CBM and
VBM offsets between GaS and GaSe (∆ECBM/VBM =
E
CBM/VBM
GaS − ECBM/VBMGaSe ) obtained here for the case
where both layers keep their own lattice constants (left
panel in Fig. 6(a)), namely +0.06 eV and −0.37 eV, re-
spectively, are in fair agreement with those computed
by Zhuang and Hennig [6] using the GW approximation
(−0.06 and −0.54 eV, respectively). While quantitative
values for the band offset from PBE should be considered
less reliable than the GW results, one can conclude from
both methods that the incommensurate GaS/GaSe het-
erostructure is close to a type-I/type-II transition driven
by strain. For GaSe/InS, considering that each layer as-
9sumes its own lattice constant (left panel of Fig. 6(b)),
we also found a fair agreement between our computed
∆ECBM/VBM (+0.65 and +0.54 eV, respectively) and
those computed in Ref. [6] using the GW approximation
(+0.82 eV and +0.64 eV). Although PBE band gaps are
underestimated with respect to those obtained using hy-
brid functionals or the GW approximation, we expect
that the trends in the CBM and VBM levels for dif-
ferent lattice constants are correctely captured in DFT-
PBE calculations; in fact, as discussed in Sec. III A, the
changes in the band gaps as function of biaxial strain ob-
tained in our PBE calculations are consistent with results
obtained using the HSE06 hybrid functional reported in
Refs. [6, 25].
Finally, as discussed in Sec. III A, our DFT-PBE calcu-
lations show that biaxial strain has a strong effect on the
band edges of monolayer MMCs, being more pronounced
for the CBM level (as we can also see from the deforma-
tion potentials listed in Table I). Thus, assuming that
both layers of a heterostructure have the same lattice
constant can lead to a wrong estimation of the band gap,
in particular for GaS/GaSe which is expected to form an
incommensurate heterostructure. In fact, for GaS/GaSe
(Fig. 6(a)), considering that both GaS and GaSe has the
lattice constant of GaSe, we found a band gap of 0.90 eV,
which is ∼50% smaller than the band gap computed from
the band alignment of the isolated layers with their equi-
librium lattice constants. For the InS/GaSe heterostruc-
ture, which has a smaller mismatch and is closer to the
commensurate case, the difference is smaller: the band
gap of the heterostructure with the lattice constant of
InS (3.90 A˚) is 0.97 eV while the band gap computed
from the band levels of the individual layers is 1.16 eV.
IV. CONCLUSIONS
In summary, our DFT calculations demonstrate the
importance of strain for the band gap in group-III
monochalcogenides and for the band alignment in het-
erostructures of these materials. Due to the sensitivity
to strain, commensurate heterostructures (where at least
one layer is strained) must be distinguished from those
where each layer keeps its own lattice constant (termed
incommensurate heterostructures in this study) when ad-
dressing their electronic properties. We devised a sim-
ple scheme that allows us to provide a first estimate if
a commensurate or an incommensurate heterostructure
is energetically preferred. In the incommensurate case,
an additional energy penalty accounting for the lack of
proper registry between the layers must be considered
in addition to the van der Waals attraction in the en-
ergy balance. To obtain this energy penalty, we explored
the potential energy landscape of a series of configura-
tions with different stacking. Specifically, we studied
GaS/GaSe with lattice mismatch of 4.7% and GaSe/InS
with lattice mismatch of 2.1%, but we stress that this
approach is not specific to these systems and can be ap-
plied to any 2D/2D van der Waals heterostructure. For
the commensurate case, we systematically investigated
the effect of strain on the band gap and band edge po-
sitions of the individual monolayers. We found, in par-
ticular, that the CBM is much more sensitive to strain
than the VBM, with a deformation potential more than
twice as large as the deformation potential of the VBM.
For the GaS/GaSe heterostructure, the high sensitivity
of the CBM makes the band alignment also very sensi-
tive to strain, as a small variation (∼0.36%) in the lattice
constant of GaS may lead to a transition from type-I to
type-II alignment. Finally, by comparing the energy cost
of straining the layers in the commensurate case with
the cost due to the lack of proper registry between the
layers in the incommensurate structures, we found that
GaSe/InS is expected to form a commensurate system
while an incommensurate configuration is more favorable
for the GaS/GaSe heterostructure.
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